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Abstract

Hypervalent iodine (HVI) reagents are employed in organic synthesis as versatile, proficient, and
environmentally friendly reagents. Despite the utility of such reagents, the application of HVI reagents,
especially phenyliodonium diacetate (PIDA), has been limited due to its poor solubility in a myriad of solvents.
The aggregated and polymeric structures of many HVI reagents account for their poor solubility, thus limiting
the reactivity and use of HVI reagents in reactions in non-polar solvents. The research presented herein outlines
ligand exchange reactions of universal carboxylic acids promoted by phenyliodonium diacetate (PIDA) reagents,
in which the acetate moiety of PIDA is modified, ultimately enhancing the solubility and reactivity of HVI
reagents.
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Introduction

The reactivity of hypervalent iodine (HVI) compounds has emerged as a major area of study in the synthetic
community.t? The reactivity of HVI compounds are comparable to the chemistry of transition metals in that HVI
reactions have congruent mechanisms involving oxidative addition, ligand exchange, and/or reductive
elimination.? The chemistry of hypervalent iodine(lll) reagents (also known as A3-iodanes) are well-known for
their ability to facilitate oxidative transformations,*°> photoredox reactions,®’ C-C bond formations,®0 C-H
activations,™3 and a plethora of other synthetically useful reactions have been covered in reviews.14-1°

The diversity of HVI reactions is unarguable yet can be limited by the physical properties of the most
commonly used commercially available HVI reagent, phenyliodonium diacetate (PIDA). PIDA is used in organic
synthesis for oxidative transformations yet poor solubility of the compound in nonpolar solvents can result in
sluggish reactivity. Heating slow reactions may be effective, but the risk of decomposing the desired HVI
compound or intermediate is a concern. Altering the solvent of a reaction is an important step in optimizing a
reaction’s efficiency as well the yield of the desired product. Creation of HVI reagents that have similar reactivity
to that of PIDA, but different solubility profiles should allow for more control over optimization of reaction
conditions. While there has been much effort in developing HVI reagents and conditions for transformations in
water as a solvent,?° less attention has been paid to making these compounds more soluble in non-polar
solvents. Creation of iodonium ylides with improved solubility profiles has markedly increased the utility of that
class of HVI reagents.?™23

The synthesis of HVI compounds, many of which use PIDA as a starting material, often require isolation
via precipitation and/or recrystallization. Isolation procedures for a novel HVI compound rely on its solubility in
halogenated solvents or acetonitrile, and its insolubility in ether or hexane. The strict limitations of solubility of
HVI compounds results in failed attempts to synthesize, isolate, and purify novel HVI compounds by modifying
literature procedures. Herein, we present relevant solubility data for PIDA and the also commonly used
phenyliodine bis(trifluoroacetate) (PIFA), as well as PIDA derivatives containing di-substituted butanoate, or
decanoate in place of the acetate groups. Fundamental solubility data on PIDA and PIFA solubility should be
useful to those who utilize these reagents. By providing solubility data for PIDA and PIFA as well as butanoate
and decanoate derivatives, we hope to expand the library of these fascinating molecules and open up new
reactions in underutilized solvents.!?

Results and Discussion

The most common solvents for reactions containing hypervalent iodides are acetonitrile and
dichloromethane.?*1° The prevalence of these solvents in hypervalent iodide reactions is due in part to the
solubility of the commonly used phenyliodonium diacetate in these two solvents. However, what information
exists in the literature about the solubility of hypervalent iodides is qualitative rather than quantitative, such as
that PIDA (1, Table 1) is soluble in acetonitrile and dichloromethane, but without any numbers that would
suggest the relative solubility in each solvent.?* Examination of the solubility of 1 at 20 °C reveals that 1 is more
than four times as soluble in CH2Cl; as in CHsCN (entries 1 and 2, Table 1). Perhaps surprisingly, 1 is
approximately as soluble in tetrahydrofuran (entry 3), a solvent 1 is rarely used with, as it is in acetonitrile. In
the less polar diethyl ether (entry 4), the solubility of 1 decreases by nearly eight times compared with
tetrahydrofuran. Solubility of 1 in toluene is 12.9 mg/mL, but 1 is unsurprisingly insoluble in hexanes (entries 5
and 6). Phenyliodine bis(trifluoroacetate) 2 is noticeably more soluble than 1 in every solvent examined (entries
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7-12) with the exception of CH,Cl; in which 2 is somewhat less soluble. PIFA (2) is more than eight times as

soluble as PIDA 1 in tetrahydrofuran, CHsCN, diethyl ether and toluene.

Much like acetic acid derived 1,

trifluoroacetic acid derived 2 is noticeably more soluble in tetrahydrofuran than diethyl ether (entries 9 and 10)
and has a solubility in toluene and diethyl ether that is similar (entries 10 and 11). While not completely insoluble

in hexanes, 2 nonetheless is barely soluble in hexanes (entry 12).

Tablel. Solubility of hypervalent iodides in a variety of solvents

Q Q R =CHg, 1 R = n-propyl, 3
)I\ )]\ Measured at 20 °C
R O_{_O R R=CF3;2 R=n-nonyl, 4
Ph
entry substrate solvent solubility (mg/mL)* solubility (mmol/mL) % RSD
1 1 CH3CN 59.8 0.186 10.3
2 1 CH2Cl2 2.80 x 102 0.869 2.4
3 1 THF 57.2 0.178 3.7
4 1 Et,0 7.6 2.4x102 3.2
5 1 toluene 12.9 4.00x 101 8.1
6 1 hexanes <0.5b N/Ab N/A
7 2 CH3CN 539 1.25 2.9
8 2 CH2ClI2 235 0.546 2.0
9 2 THF 648 1.51 8.2
10 2 Et.0 142 0.330 2.3
11 2 toluene 111 0.258 6.1
12 2 hexanes 0.9 2 x10-3 9.1
13 3 CH3CN 4.4 1.16 x 10-3 17.5
14 3 CH>Cly 18.7 4.94 x 102 1.5
15 3 THF 5.1 1.4 x 10-2 21.1
16 3 Et.0 24.8 6.56 x 10-2 5.9
17 3 toluene 5.4 1.3x 102 12.8
18 3 hexanes <0.5b N/Ab N/A
19 4 CH3CN 2.7 4.94 x10-3 3.8
20 4 CH2ClI2 39.7 7.26 x 10-2 17.8
21 4 THF 195 0.357 0.8
22 4 Et,0 82.4 0.151 20.9
23 4 toluene 23.3 4.26x10°2 15.9
24 4 hexanes 10.6 1.94 x 10-2 13.4

2 Average of four experiments. P Solubilities of less than 0.5 mg/mL reflect compounds that

were essentially insoluble.

Hypothesizing that a longer aliphatic chain of the carboxyl group of the hypervalent iodide would
increase solubility in less polar solvents, butyric acid derived 3 was synthesized and its solubility was measured.
Compound 3 is known in the literature,?>=3! but it is mostly employed in reactions where the carboxylic acid
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moiety of the HVI is transferred. The solubility of 3 has not been reported. lodane 3 has lower solubility than 1
in all solvents examined with the exception of diethyl ether, for which it has a higher solubility than 1 (entries
13 to 18). Even with the longer alkyl chain, 3 is still insoluble in hexanes, indicating that the additional C-H bonds
in 3 were not enough to overcome the inherent polarity of the iodane. However, the decanoic acid derived 4
has ten times the solubility of even 2 in hexanes (entry 24).3233 and is the only compound investigated to show
significant solubility in hexanes. Interestingly, 4 is approximately 5% as soluble in acetonitrile as 1 and less than
10% as soluble in CH2Cl; as 1. Both of these results fit with 4 having decreased polarity compared to 1. lodane 4
is more soluble in both diethyl ether and tetrahydrofuran than 1.

It is important to note that qualitatively assessing the solubility of hypervalent iodine species (such as 1-
4) is fraught with difficulty. For example, a solution of PIDA 1 in CHCl, becomes cloudy and opaque (and
therefore may appear to be saturated) at concentrations greater than 40 mg/mL, but the solution does not
become saturated until concentrations of 2.20x102 mg/mL (entry 1, Table 1). Such knowledge can allow
experimentalists to minimize the amounts of solvent used in transformations with hypervalent iodides to
decrease the environmental impact of these transformations.

Conclusions

The solubility of PIDA, PIFA, and PIDA derivatives was investigated in common organic solvents. It was found
that the longer alkyl chain of the PIDA derivatives 3 and 4 were more soluble in nonpolar solvents like ether and
hexane then simple PIDA. PIFA and the PIDA derivatives were synthesized via a ligand exchange reaction to alter
the acetate moiety of PIDA. Based on this approach, novel HVI compounds can be used in solvents that
otherwise would be unsuitable to traditional reactions with HVI reagents.

Experimental Section

General. All reactions were performed in oven-dried glassware. All solubility measurements were carried out in
undried glassware without special precaution to exclude air. Unless otherwise noted, all solvents and reagents
were obtained from commercial sources and used without further purification. In the solubility studies, diethyl
ether (>99%, inhibitor free; Beantown Chemical), tetrahydrofuran (>99.9%, inhibitor free; Honeywell) and
acetonitrile (99.8%, anhydrous; Fisher Scientific) were sparged with nitrogen gas and passed through two
columns of activated alumina on an LC Technology solvent purification system prior to use. NMR data of
synthesized compounds matched what was previously reported. Infrared (IR) spectra were recorded on a Bruker
ALPHA spectrometer with Amax in cm™. A Bruker Avance Ill 500 MHz spectrometer was used to record the *H
and 3C NMR spectra in CDCls. The solvent resonance was used as the internal standard with CDCl3 § 7.26 ppm
for TH NMR and & 77.16 ppm for 3C NMR. *H NMR data is reported as chemical shift (§, ppm), multiplicity (s,
singlet; d, doublet; t, triplet; q, quartet; m, multiplet), integration, and coupling constant (Hz), while 3C is
reported as chemical shift (5, ppm).

General procedure A. Procedure is in accordance with that reported by Wang et al.34 PhI(OAc), (1.0 equiv.) and
carboxylic acid (2.2 equiv.) was dissolved in chloroform (CHCIs3) at 55 °C and allowed to stir for 1 h under N,
unless otherwise stated. The reaction was quenched with saturated bicarbonate and extracted with hexane or
chloroform. The combined organic layers were dried over anhydrous Na;S0O4 and then concentrated in vacuo. If
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crude mixture did not solidify to white solid, an additional aqueous extraction with saturated bicarbonate was
performed.

General procedure B. Procedure is in accordance with that reported by Wengryniuk et al.!' Phl(OAc), (1.0
equiv.) was dissolved in carboxylic acid (6.75 equiv.) and allowed to stir at 55 °C under N for 1 h. The crude
reaction mixture was then cooled in an ice bath to afford a white crystalline solid.

Sample solubility measurement of phenyliodonium diacetate (1) in diethyl ether. Following the procedure and
set up from Malwade et al.,>> 110 mg of 1 was weighed into an 8 mL vial equipped with a Teflon coated stir bar.
Diethyl ether (5.0 mL) was transferred to the vials via a syringe to form a saturated solution of 1 (21 mg/mL) in
diethyl ether. The vial was sealed with a PTFE-lined cap and further sealed with electrical tape. This saturated
solution was allowed to stir for 24 h in an isothermal bath at 20 + 0.1 2C controlled by a PolyScience LM Series
1/3 HP benchtop chiller. The vial was removed from the isothermal bath and the solution was quickly filtered
through a PTFE 0.22 um porosity syringe filter. Two aliquots (2.00 mL) of the filtered solution were then
measured into tared vials. The vials were concentrated in vacuo and dried on a high-vacuum pump until the
masses did not change by more than 2% between weighing to afford 15.6 mg of 1 in the first vial and 14.8 mg
of 1 in the second vial. Dividing by volume gives solubility of 7.80 and 7.40 mg/mL respectively. The vapor
pressure of 1 was high enough that a known about amount 1 did not decrease in mass even after 48 h on high
vacuum, which makes it unlikely that loss of 1 during drying contributes meaningfully to the error. All solubility
measurements were carried out in a similar manner.

Phenyl-A3-iodanediyl bis(decanoate) (4). Following General procedure A, a mixture of PIDA (5.0 mmol, 1.61 g)
and decanoic acid (11.0 mmol, 1.89 g) in 50.0 mL CHCI3 was allowed to stir at 55 °C under N; for 1 h. The reaction
was then cooled to room temperature and concentrated in vacuo to yield a viscous oil. The crude oil is quenched
with saturated bicarbonate and extracted with hexane (3 x 20 mL). The combined organic layers were dried over
anhydrous Na;S0s and concentrated in vacuo to yield a white solid. An additional aqueous extraction with
saturated bicarbonate was performed if oil did not solidify to a white solid. The white solid is washed with
deionized water and filtered off to afford compound (4) with a yield of 80%. *H NMR (500 MHz, CDCls3): 6 8.08
(dd, J 6.31, 5.04 Hz, 2 H), 7.58 (t, J 9.77 Hz, 1 H), 7.49 (t, J 10.09 Hz, 2 H), 2.25 (t, J 7.57 Hz, 4 H), 1.54 (t, J 7.09
Hz, 4 H), 1.21 - 1.31 (m, 36 H), 0.88 (t, J 7.09 Hz, 9 H). 13C NMR (126 MHz, CDCls): & 178.96, 134.85, 131.55,
130.81, 121.84, 34.04, 31.85, 29.40, 29.24, 29.20, 25.65, 22.64, 14.09.

Phenyl- A3-iodanediyl dibutanoate (3). Following General procedure A, a solution of PIDA (5.00 mmol, 1.61 g)
and butyric acid (50.00 mmol, 4.41 g) was allowed to stir at 55 °C under N for 48 h. The reaction was cooled to
room temperature and concentrated in vacuo to yield a viscous oil. Saturated bicarbonate was added to this oil
and the aqueous layer was extracted with CHCl3 (3 x 20 mL). The combined organic layers were dried over
anhydrous Na;SO4 and concentrated in vacuo to yield a white solid. Compound (3) was obtained as a white solid
with a yield of 95%. 'H NMR (500 MHz, CDCls): 6 8.09 (dd, J 7.25, 6.31 Hz, 2 H), 7.59 (t, J 9.46 Hz, 1 H), 7.50 (t, J
11.35 Hz, 2 H), 2.25 (t, J 10.40 Hz, 4 H), 1.54 - 1.62 (m, 7 H), 0.89 (t, J 8.83 Hz, 6 H).

13C NMR (126 MHz, CDCls): 6§ 178.76, 134.84, 131.56, 130.83, 121.79, 35.93, 19.11, 13.71.

Phenyl- A3-iodanediyl bis(2,2,2-trifluoroacetate) (2). Following General procedure B, a solution of PIDA (15.5
mmol, 5.00 g) and trifluoroacetic acid (104.54 mmol, 8.0 mL) was allowed to stir at 55 °C under N, for 1 h. An
additional 3.0 mL of trifluoroacetic acid was added to obtain a homogenous solution. The reaction was allowed
to cool to room temperature and placed in an ice bath to afford a crystalline white solid. The white solid was
filtered and washed with pentane to give compound (2) with a yield of 82%. Spectral data was consistent with
what is reported in the literature. *H NMR (500 MHz, CDCl3): § 8.21 (dd, J 6.94, 5.36 Hz, 2 H), 7.75 (ttt, J 9.14,
9.14, 2.84,2.84,1.58, 1.58 Hz, 1 H), 7.63 (t, J 11.03 Hz, 2 H).

F NMR (471 MHz, CDCls): 6 -73.44.
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